The vaccinia virus E2L (VACWR058) gene is conserved in all sequenced chordopoxviruses and is predicted to encode an 86-kDa protein with no recognizable functional motifs or nonpoxvirus homologs. Although the region immediately upstream of the open reading frame lacked optimal consensus promoter motifs, expression of the E2 protein occurred after viral DNA replication. Transfection studies, however, indicated that the promoter was weak compared to well-characterized intermediate and late promoters. The E2 protein was present in mature virions purified from infected cells but was more abundant in extracellular enveloped forms. Despite the conservation of the E2L gene in chordopoxviruses, deletion mutants could be isolated from both the WR and IHD-J strains of vaccinia virus. These null mutants produced very small plaques in all cell lines tested, reduced amounts of mature infectious virions, and very low numbers of extracellular virions. Nevertheless, viral protein synthesis appeared qualitatively and quantitatively normal. The defect in extracellular virus formation was corroborated by electron microscopy, which also showed some aberration in the wrapping of virions by cisternal membranes. Extracellular virions that did form, however, were able to induce actin tail formation.
Poxviruses are large, enveloped, double-stranded DNA viruses that replicate entirely within the cytoplasm of vertebrate or invertebrate cells. The most intensively studied member of the family, vaccinia virus (VACV), contains approximately 200 genes, of which nearly half are conserved in all chordopoxviruses (37) . The highly conserved genes encode proteins with roles in viral transcription, genome replication, and the formation of progeny virus particles (22) . The viral proteins required for mRNA synthesis and modification include a multisubunit DNA-dependent RNA polymerase; early, intermediate, and late stage-specific transcription factors; elongation factors; capping and methylating enzymes; and a poly(A) polymerase. At least six viral proteins are needed for replication and processing of the viral genome (23) , and many more are involved in assembly of the infectious virus particle (6) . The latter include membrane proteins, components of the core, a redox system, and proteinases. Many of the less highly conserved proteins are nonessential for replication in tissue culture and have host response functions, including immune evasion (24) .
Our present ignorance of the roles of many conserved genes hampers research into the reproductive cycle of poxviruses. Fortunately, experimental methods which can improve this situation are available. The purpose of the present study was to carry out the initial characterization of the product of the VACWR058 (E2L according to the Copenhagen strain nomenclature) open reading frame (ORF), which is conserved in all sequenced chordopoxviruses. We found that the encoded protein (referred to as E2) was expressed postreplicatively and was detected in purified extracellular enveloped virions (EVs) and to a lesser extent in purified intracellular mature virions (MVs) . Surprisingly for such a highly conserved gene, a deletion mutant maintained an ability to replicate, although the plaques were very small, the numbers of MVs were reduced, and few EVs were detected.
transfected into CV-1 cells that had been infected with 0.1 PFU per cell of helper fowlpox virus as described previously (9) . After 7 days, cells were harvested, and the lysate was applied to BS-C-1 cells and covered with a solid agar overlay. Three days later, very small green plaques were detected with a fluorescent microscope, and five days later, single plaques were isolated and amplified to make a stock of viral VAC-BAC⌬E27 (vVAC-BAC⌬E2L) virus.
The E2L ORF of the IHD-J strain of VACV was replaced with the enhanced green fluorescent protein (GFP) marker gene regulated by the VACV P7.5 early/late promoter, using homologous recombination with a linear DNA segment containing the GFP sequence flanked by partial sequences of E1L and E3L ORF. As with vVAC-BAC, this construct preserved the last 79 bp of the E2L ORF. The DNA segment was generated in two steps. First, three independent PCRs were carried out to amplify the flanking regions and the GFP ORF: (i) the left flanking fragment, containing part of E1L, was amplified with the oligonucleotide primers 5Ј-CTCTTGCCAATTCTTCCATTGATGTTAC-3Ј and 5Ј-GA TAGAGTTTTTGATAACTCGTTTTTCTTAAGAAATATAAAACTACTGT CTCCAGAGCTCGCTCTATC-3Ј; (ii) the right flanking fragment, containing part of the E3L ORF, was amplified with the oligonucleotide primers 5Ј-CTTT AGAGAATATACTAGTCGCGTTAATA-3Ј and 5Ј-CTGATGCTATGGCTG ACGTCATAATA-3Ј; and (iii) the GFP sequence was amplified with the primers 5Ј-GAAATATAAAACTACTGTCTCCAGAGCTCGCTCTATCGCGGCCGC ACTAATTCCAAAC-3Ј and 5Ј-TGTAGTACTATTAACGCGACTAGTATATT CTCTAAAGTTACTTGTACAGCTCGTCCATGCC-3Ј (VACV overlapping sequence underlined, GFP sequence in italics). Equal molar amounts of each fragment were combined by a three-way overlap PCR. The PCR product was transfected into BS-C-1 cells infected with IHD-J virus at 0.5 PFU per cell using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Recombinant viruses expressing GFP were isolated by five rounds of plaque purification using an inverted fluorescence microscope.
Revertant viruses. To reinsert the E2L ORF into the endogenous locus of ⌬E2L viruses, we took advantage of the small-plaque phenotype of both vVAC-BAC⌬E2L and vIHD-J⌬E2L. A PCR fragment containing the whole E2L gene as well as about 450 bp on each side of the E2L deletion site was used to transfect BS-C-1 cells infected with vVAC-BAC⌬E2L or vIHD-J⌬E2L virus at 0.5 PFU per cell using Lipofectamine 2000 (Invitrogen). Recombinant viruses forming plaques of wild-type size were picked and isolated by five rounds of plaque purification.
Detergent extraction of purified virions. Purified virions (3 g of total protein) were extracted with 50 mM Tris-HCl (pH 7.4) containing 1% Nonidet-40 detergent in the presence or absence of 50 mM dithiothreitol (DTT). The mixture was incubated for 1 h at 37°C, and the soluble and insoluble materials were separated by centrifugation at 12,000 ϫ g for 30 min.
Western blot analysis. Virions or whole-cell lysates were solubilized in NuPage reduced loading sample buffer (Invitrogen) and heat denatured. Proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in 4 to 12% bis-Tris gels (Invitrogen) and transferred to a polyvinylidene fluoride membrane. Membranes were blocked in Tris-buffered saline with 5% nonfat dry milk and 0.05% Tween 20 and incubated with antibodies for 1 h at room temperate or overnight at 4°C. Protein bands were visualized by chemiluminescence using West-Duro or Femto kits (Pierce, Appleton, WI).
Purification of virions by sucrose gradient centrifugation. Monolayers of RK 13 cells (12 T150 dishes, equivalent to 3.6 ϫ 10 8 cells) were infected at a multiplicity of 2 PFU per cell, with either VACV IHD-J or vIHD-J⌬E2L. At 48 h after infection, the medium was harvested, and cells and large debris were removed by low-speed centrifugation. The cells were scraped, collected by lowspeed centrifugation, resuspended in swelling buffer (10 mM Tris-HCl, pH 9.0), incubated on ice for 10 min, disrupted by Dounce homogenization, and clarified by low-speed centrifugation. Virions from the cell lysates was centrifuged twice through a 36% sucrose cushion at 13,000 rpm for 1 h at 4°C, further purified by sedimentation through two continuous 25-to-40% sucrose gradients, and resuspended in 1 mM Tris-HCl, pH 9.0 (12). The culture medium was clarified by low-speed centrifugation at 800 rpm for 10 min, and the EVs were pelleted by centrifugation at 10,000 ϫ g for 1 h at 4°C. The EVs were further purified by two continuous 25-to-40% sucrose density gradients, as for MVs.
CsCl gradient analysis of virions. A monolayer of RK 13 cells (one T150 dish) was infected at a multiplicity of 10 PFU per cell, with either VACV IHD-J or vIHD-J⌬E2L. After 2 h, the inoculum was replaced with methionine-and cysteine-free growth medium that contained 2% dialyzed fetal bovine serum (Gibco/Invitrogen) and 500 Ci of a mixture of [ . After 18 h of infection, the medium was collected, and cells and large debris were removed by low-speed centrifugation. The cells were scraped, collected by low-speed centrifugation, resuspended in swelling buffer (10 mM Tris-HCl, pH 9.0), incubated on ice for 10 min, disrupted by Dounce homogenization, and clarified by low-speed centrifugation. The virus from the cell lysates or the medium was centrifuged through a 36% sucrose cushion at 13,000 rpm for 1 h at 4°C. The virus pellets were resuspended in swelling buffer and layered over a preformed CsCl step gradient as described previously (40) . After centrifugation at 32,000 rpm for 4 h at 20°C, fractions were collected from the bottom of the tube, and the radioactive emission in each fraction was determined by scintillation counting.
Electron microscopy. BS-C-1 cells were grown in dishes with 60-mm-diameter wells and infected with 10 PFU per cell of purified virus. At 18 h after infection, cells were fixed with 2% glutaraldehyde, embedded in Epson resin, and viewed with a FEI-CM100 transmission electron microscope (FEI Company, Hillsboro, OR).
RESULTS
E2L is conserved in all chordopoxviruses. The VACV E2L ORF is 2,214 bp in length and is predicted to encode a protein of 737 amino acids with a mass of 86 kDa. There is a 97% or greater amino acid sequence identity between E2L and homologs in other members of the orthopoxvirus genus (not shown) and 27 to 40% with homologs in more distantly related chordopoxviruses (Fig. 1) . Even modified VACV Ankara, a highly passaged, host range-restricted, and greatly attenuated virus, has retained the complete E2L ORF. However, no nonpoxvirus homologs were found, nor were there recognizable signal peptide, transmembrane domain, or functional motifs (except for putative late domains, discussed below). Thus, the conservation of the gene suggested an essential function, but the sequence provided no clue as to what that might be.
E2 is synthesized late in infection. Inspection of the DNA sequence upstream of the E2L ORF did not reveal a previously described optimal consensus poxvirus promoter motif nearby (1, 7, 8) . Although there were a few potential intermediatestage TAAA transcription initiation sites, these did not contain a core sequence with critical A residues 10 to 11 bp upstream (1, 19) . To determine whether the E2L ORF is expressed in infected cells, we produced a rabbit polyclonal antibody to a predicted N-terminal peptide. A reactive band, migrating slightly faster than predicted, was resolved by Western blotting of VACV-infected-cell lysates but not of lysates of uninfected cells ( Fig. 2A ) or cells infected with an E2L deletion mutant (see below). The band was detected at 6 h after infection and increased up to 24 h, whereas the band was faint even after 24 h in the presence of 1-␤-D-arabinofuranosylcytosine (AraC), an inhibitor of DNA replication ( Fig. 2A) . The timing of E2 synthesis and the effect of AraC suggested that the E2L ORF has an intermediate-or late-stage promoter.
The transcription factors that recognize intermediate promoters are synthesized prior to viral DNA replication, whereas the factors that recognize late promoters are synthesized after viral DNA replication. On this basis, intermediate and late promoters can be distinguished by transfecting expression plasmids into infected cells that have been treated with AraC (1, 39) . Three plasmids were constructed, each containing the full-length E2L ORF in case any novel regulatory sequences were present downstream of the start codon. One plasmid contained the natural E2L promoter extending 450 bp upstream of the start codon; the second plasmid contained the F17R late promoter and the third the G8R intermediate promoter. Plasmids were transfected at 1 h after infection in the presence or absence of AraC, and E2 synthesis was measured by Western blotting after an additional 24 h. Overexposure of the blot was necessary to detect E2 synthesized from its natural promoter (Fig. 2B ). As expected, the intermediate promoter induced abundant synthesis of E2 in the presence and absence of AraC, whereas the late promoter allowed synthesis only in the absence of the drug (Fig. 2B ). Most strikingly, the natural E2L promoter was much weaker than either the G8R or F17R promoter (Fig. 2B) . Although an E2 band was detected in the presence of AraC, it was less intense than in the absence of the drug (Fig. 2B) . A similar pattern of expression was obtained when the three promoters were used to express firefly luciferase (data not shown). We tentatively concluded that the E2L gene has a very weak, probably atypical intermediate promoter. Further studies are needed to determine the transcription initiation site(s) and to assess the effects of mutations.
E2 is present in purified virions. The E2 protein was not previously detected by mass-spectroscopic analyses of purified 
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MVs (5, 29, 45) , suggesting that it is not present or is present in small amounts. Nevertheless, we could detect E2 by sensitive chemiluminescence after Western blotting of proteins from MVs purified by sedimentation through a cushion of sucrose followed by two successive sucrose gradients. The E2 protein, like the core component A3, was not solubilized by NP-40 detergent alone or in combination with DTT (Fig. 3A) . In contrast, the membrane protein L1 was largely extracted by these procedures (Fig. 3A) . These results were consistent with an internal location of E2, although even some membraneassociated proteins are insoluble under these conditions (26) . Equal amounts of MVs and EVs (determined by optical density and confirmed by silver staining of an SDS-polyacrylamide gel) were analyzed by Western blotting using antibodies to proteins that are present equally in MVs and EVs or predominantly in one or the other. We noted relatively more E2 in EVs purified from the medium than in MVs isolated from cell lysates (Fig. 3B) . The distinction was less complete than for F13 (Fig. 3B) , which is an EV-specific protein (16) . In contrast, the MV membrane protein D8 was present equally in MVs and EVs, and the membrane protein A26 was greatly enriched in MVs (Fig. 3B) , as previously described (36) . E2 was also detected in EVs purified from the medium by cesium chloride gradient sedimentation (data not shown). The preferential accumulation of E2 in EVs relative to MVs was unexpected for a protein without a signal peptide or transmembrane domain.
Deletion of the E2L gene results in a small-plaque phenotype. To determine if the E2 protein is essential for virus propagation in cell culture, we deleted the entire gene except for the C-terminal 79 bp, which overlaps the promoter of the adjacent gene. This was accomplished using a novel application of the VAC-BAC system in which the complete VACV genome is cloned in a bacterial artificial chromosome and rescued by fowlpox virus, a distantly related avian poxvirus (9) . A two-step procedure was used to replace the E2L ORF of the VAC-BAC plasmid with the ampicillin resistance gene by homologous recombination in E. coli (10) . Ampicillin-resistant colonies were isolated and shown to contain a plasmid with a full-length VACV genome lacking E2L. The resulting VAC-BAC⌬E2L plasmid was then transfected into fowlpox virusinfected CV-1 cells, which are nonpermissive for fowlpox virus. After 7 days, the cells were harvested, and a plaque assay was performed in BS-C-1 cells. Very small plaques were detected by fluorescence microscopy, enabled by the presence of the gene encoding GFP in the TK locus of the parental VAC-BAC plasmid, and were amplified by propagation in BS-C-1 cells. A comparison of the plaques formed by vVAC-BAC⌬E2L and the vVAC-BAC is shown in Fig. 4A . To confirm that the small-plaque phenotype was due to the E2L deletion and not to an adventitious mutation elsewhere in the VACV genome, DNA containing the intact E2L gene and flanking region was transfected into cells infected with vVAC-BAC⌬E2L. A recombinant virus forming normal-size plaques, vVAC-BAC.Rev, was isolated (Fig. 4A) .
We also constructed an E2L deletion mutant in a different VACV background using an alternative method. The VACV IHD-J strain was selected because it produces large amounts of EV, and our data suggested preferential accumulation of E2 in EVs. BS-C-1 cells were infected with the IHD-J strain of VACV and transfected with a plasmid containing GFP flanked by DNA upstream and downstream of E2L, including the Cterminal 79 bp. Green plaques were identified by fluorescence microscopy, and the virus was clonally purified and propagated. A comparison of plaques formed by the parental strain VACV IHD-J and vIHD-J⌬E2L (Fig. 4B ) indicated a smallplaque phenotype for the mutant. We also made a revertant 
FIG. 3. E2 is a virion protein. (A)
Resistance to detergent extraction. Purified MVs (WR strain) were extracted (ϩ) with NP-40 or with NP-40 and DTT or mock treated (Ϫ) and separated into soluble (S) and pellet (P) fractions. Proteins in both fractions were resolved by SDS-PAGE and subjected to Western blotting with rabbit antibody to E2, A3, or L1 followed by anti-rabbit immunoglobulin G conjugated to horseradish peroxidase. (B) Distribution of E2 in MVs and EVs. RK 13 cells were infected with vIHD-J at 2 PFU per cell, and 48 h later MVs and EVs were purified from the cell lysate or medium, respectively, by sedimentation through two continuous 25-to-40% sucrose gradients, as described in Materials and Methods. The same amounts of total protein from both MV and EV samples were adjusted to a final volume of 15 l with 1 mM Tris (pH 7.4). The proteins were separated by SDS-PAGE, followed by Western blotting with antibody to E2, F13, D8, or A26, as for panel A.
virus, vIHD-J.REV, by replacing the GFP gene with the E2L gene. The normal plaque size of the revertant is shown in Fig.  4B . Thus, the small-plaque phenotype was independent of the VACV strain background and the method of deletion.
The above-described plaque assay was carried out with BS-C-1 cells. We tested a variety of other cell lines to determine whether the small size plaque phenotype was host related. Both vVAC-BAC⌬E2L and vIHD-J⌬E2L produced small plaques in monkey CV-1 cells, rabbit RK 13 cells, human HeLa cells, and chicken embryo fibroblasts (Fig. 5) . Thus, the smallplaque phenotype of viruses lacking E2L gene was not cell line specific.
Formation of intracellular and extracellular virus. A smallplaque phenotype can arise from either decreased virus production or decreased virus spread. To determine the basis for the small-plaque phenotype of E2L deletion mutants, we carried out one-step growth experiments. The yield of vVAC-BAC⌬E2L was about 1 log lower than that of either vVAC-BAC or vVAC-BAC.Rev (Fig. 6A) , although in other experiments the difference was only three-to fivefold. A re- (Fig. 6B) . Additional experiments showed that deletion of the E2L gene did not appreciably affect the infectivity of purified MVs, which was 8 ϫ 10 7 and 1 ϫ 10 8 PFU/unit of optical density at 260 nm for vVAC-BAC and vVAC-BAC⌬E2L, respectively. IHD-J is known to produce large amounts of extracellular virus. The yield of infectious extracellular virus from the medium of cells infected with vIHD-J⌬E2L was consistently more than 2 logs lower than that of vIHD-J or vIHD-J.REV (Fig.  6C) . Decreased EV formation was demonstrated by CsCl gradient sedimentation of extracellular virus from the medium of cells infected with VACV IHD-J or vIHD-J⌬E2L and labeled with [ 35 S]methionine and [ 35 S]cysteine (Fig. 6D) . The decrease was approximately 90% and therefore did not entirely account for the decrease in infectious virus. However, as shown below, a greater reduction in EV was found by electron microscopy.
Synthesis and processing of viral proteins. The synthesis of viral proteins was analyzed by SDS-PAGE and Western blotting of infected cell lysates. Figure 7 (top) shows a blot probed with polyclonal antiserum generated by live VACV infection of rabbits. The temporal pattern and intensity of protein bands induced by VACV IHD-J and the vIHD-J⌬E2L deletion mutant were similar. Additional blots were also probed with antisera specific to the core protein A3, the MV membrane protein A17, the EV membrane protein B5, and the deleted protein E2. Except for the absence of the E2 band in lysates from cells infected with vIHD-J⌬E2L, the patterns appeared virtually identical (Fig. 7) . Furthermore, since proteolytic processing of VACV core proteins is coupled with morphogenesis (18), the presence of both precursor and product A3 proteins in lysates of cell infected with IHD-J⌬E2L suggested the absence of a major block at this step. Similarly, the peptide antibody A17n detected both processed and unprocessed forms of the A17 MV membrane protein (Fig. 7) . Only the precursor form of A17 was detected with the peptide antibody A17c (Fig. 7) , since the C-terminal epitope is lost after processing (2) . Processing of the core proteins was also examined by pulse-labeling with radioactive amino acids and then chasing with unlabeled amino acids. Proteolytic cleavages occurred, consistent with the above results, but processing appeared to be less complete in cells infected with the E2L deletion mutant (data not shown).
Virus assembly. Electron microscopy of cells infected with control and E2L deletion mutants was carried out to further analyze the possibility of a defect in morphogenesis. At 18 h after infection, cells infected with vVAC-BAC⌬E2L (Fig. 8B) or vIHD-J⌬E2L (Fig. 8D ) contained immature virions, numerous MVs, and wrapped virions (WVs) and in this regard were not distinguishable from cells infected with vVAC-BAC (Fig.  8A) or VACV IHD-J (Fig. 8C) . However, there was a marked reduction in EVs on the surface of the cells infected with the E2L deletion mutants compared to the controls. To substantiate this impression, the intra-and extracellular particles were counted. Of the total particles (MVs plus WVs plus EVs) in cells infected with vIHD-J and vIHD-J⌬E2L, 35% and 0.82%, respectively, were EVs (Fig. 9) . Similarly, 48% and 0.01% of the total particles were EV in cells infected with vVAC-BAC and vVAC-BAC⌬E2L, respectively (data not shown). In contrast, the smaller differences between the numbers of MVs and WVs (Fig. 9) were not consistent when vVAC-BAC and vVAC-BAC⌬E2L were analyzed (data not shown) and therefore may not be significant. Also, the distinction between partially wrapped and fully wrapped virions should be interpreted cautiously, as partially wrapped virions could appear fully wrapped depending on the section. Therefore, our main conclusion is that the number of EVs is greatly reduced, consistent with the 2-log decrease in infectious particles in the medium. The majority of WVs in the cells infected with wild-type and mutant virus appeared normal (Fig. 10A and B) . Curiously, however, there were examples of multilayered wrapping of MVs in cells infected with VAC-BAC⌬E2L (Fig. 10C and D) , which was not seen in the VAC-BAC control or in our previous experience with other VACV mutants. There also were more particles in vesicles in the cells infected with VAC-BAC⌬E2L and vIHD-J⌬E2L than in the viruses with wild-type E2L.
Confocal microscopy was used to determine whether the infrequent EVs on the surface of cells infected with E2 deletion mutants were capable of inducing actin tail formation, which is important for virus spread. HeLa cells were infected with VAC-BAC control or VAC-BAC⌬E2L and stained with a MAb to the B5 protein, an outer membrane component of the EV. The cells were then permeabilized and stained with phalloidin to detect actin. Numerous EVs with actin tails were detected in the cells infected with the control virus and a much smaller number in cells infected with the E2 deletion mutant (Fig. 11) . Accordingly, E2 was not required for actin tail formation.
DISCUSSION
Most highly conserved genes are essential for poxvirus replication, and studies of conditionally lethal mutants have contributed greatly to our understanding of the reproductive cycle. The E2L ORF is one of nearly 100 genes that are conserved in all chordopoxviruses (37) . Sequence analysis did not suggest the presence of a signal peptide or transmembrane domain, and the absence of an identifiable functional motif or homolog outside of the poxvirus family did not allow us to predict a role for E2. In addition, the sequence upstream of the E2L ORF did not contain an optimal consensus poxvirus promoter, although there were potential TAAA intermediate-stage transcription initiation sites (1) . Western blotting demonstrated that the protein was made with the kinetics and DNA synthesis requirement expected of the product of an intermediate-or late-stage gene. To assess the relative strength of the E2L promoter, we constructed plasmids with the E2L ORF or firefly luciferase gene regulated by previously defined strong intermediate-and late-stage promoters as well as the natural E2L promoter and compared their expression following transfection of infected cells. This comparison indicated that the E2L promoter is very weak. Although some expression occurred in the presence of a DNA synthesis inhibitor, the level was less than that achieved in the absence of inhibitor. By contrast, a previously defined intermediate promoter had equivalent or even higher expression in the absence of viral DNA replication. Pending detailed transcriptional analysis, we tentatively concluded that the E2L promoter is an atypical weak intermediate promoter. Poxviruses appear to regulate expression by promoter sequence instead of using enhancer elements. It would be interesting to boost the promoter strength by genetic engineering to see whether high expression is deleterious and whether down regulation would occur by spontaneous mutation.
The E2 protein was detected by SDS-PAGE and Western blotting of purified MVs and was not extracted under conditions that are effective with most membrane proteins. Surprisingly, there was relatively more E2 in EVs than in MVs, possibly contributing to the previous failures to detect E2 in MVs by mass spectroscopy (5, 29, 45 ). We suspect that E2 is asso- ciated with one of the EV membrane proteins, but its low abundance has made it difficult for us to confirm this by coimmunoprecipitation or to localize epitope-tagged E2 by confocal or electron microscopy. When high expression was achieved by transfection of a plasmid with E2 regulated by a strong late promoter, the epitope-tagged protein was found throughout the cytoplasm.
Because the E2L gene is highly conserved, we anticipated that it would be essential for virus replication. This supposition was wrong, as viable deletion mutants were isolated in both the WR and IHD-J strains of VACV. The mutants were greatly impaired, however, as they formed very tiny plaques in all cell lines tested. The small-plaque phenotype is frequently associated with a reduction in the number of EVs on the outer surface of the plasma membrane or the actin tails needed for their efficient cell-to-cell spread (4, 31-33, 42, 44, 46) . One-step growth experiments consistently revealed a greater effect of the E2L deletion on EV formation than MV formation, although both were reduced. Furthermore, electron-microscopic images showed very low numbers of EVs on the surfaces of cells infected with E2L deletion mutants, whereas MVs and WVs were numerous. We did find actin tails on some of the infrequent EVs, indicating that E2 was not required for the nucleation of actin polymerization. Based on previous studies with other VACV mutants that exhibit defects in virus spread (13, 20, 27, 41, 46) , we can confidently predict reduced virulence for E2L deletion mutants.
There are notable similarities between the previously described F12 protein and E2L. F12 is also conserved in all chordopoxviruses, has no predicted transmembrane domain, Reduced number of EVs made by an E2L deletion mutant, as determined by electron microscopy. Thin sections of cells infected with vIHD-J and vIHD-J⌬E2L were examined by electron microscopy. The total numbers of MVs, partially wrapped WVs, completely wrapped WVs, and EVs on the cell surface were determined by counting 90 cell sections. The designation "complete WV" was based on thin-section images, and therefore it is possible that the wrapping membranes were not fully closed.
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EXTRACELLULAR VACCINIA VIRUS FORMATIONand is nonessential, and deletion mutants form small plaques and have greatly diminished EVs (46) . Initially, F12 was thought to be a component of the EV; however, follow-up electron microscopy studies indicated that the protein was associated with the WV but not the EV (15, 38) . The defect of F12 null mutants is thought to reside in the failure of WVs to be transported on microtubules to the periphery of the cell. The EV membrane is derived from trans-Golgi or endosomal cisternae (34, 35) , which initially enclose MVs to form WVs with a double wrapper. A27 (30) and F13 (4), components of the MV and EV membranes, respectively, are required to initiate the wrapping step. Although WVs were numerous in cells infected with the E2 deletion mutants, it is difficult to gauge the completeness of wrapping when cells are viewed in thin sections. The possibility of a defect in closure of the wrapping membrane was suggested by the presence of spiral, multilayered wrapping membranes around some particles in cells infected with vVAC-BAC⌬E2L. In certain ways, the wrapping of MVs resembles the formation of multivesicular bodies (28) . We can consider the MV the cargo, with the wrapping membrane budding into itself and closing around the MV to form the WV. Other viruses, notably retroviruses, have been shown to interact through so-called late motifs in Gag proteins with the endosomal budding machinery for virus release (3, 21) . Honeychurch et al. (17) recently suggested the importance of a YXXL late motif in the VACV F13 protein and a role for the cellular endosomal sorting complex required for transport proteins. The E2 protein has three YXXL motifs as well as a YPLT late motif. Nevertheless, the presence of such sequences does not necessarily correlate with use of the endosomal sorting complex required for transport machinery for envelopment as shown for human cytomegalovirus (14) . Further studies are needed to determine the role of the E2 protein in EV formation.
